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NATIONAL ADVISORY COMMITTEE FOR AERONAUTICS

TECHNICAL MEMORANDUM 1258

>- FLIGHT PERFORMANCE OF A JXT POWER PLANT
~

i III - OPERATING CHARACTERISTICS OF A JET POWER PLANT AS A
\

FUNCTION OF ALTITUD&

By F. Weinig

SUMMARY

The performance of a jet power plant consisting of a compressor
and a turbine is determined by the characteristic curves of these
component parts and is controllableby the characteristicsof the
compressor and the turbine in relation to each other. The normal
output, overload, and throttled load of the jet power plant are
obtained on the basis of assumed straight-line characteristics.

1. NOTATION

(See fig. l.)

J = CPT energy head, (m)

s entropy, (m/o)

T temperature, %

P pressure, (kg/m2)

v specific volume, (CU m/kg)

Y = I/w specific weight, (kg/cu m)

q = H#A heat drop of fuel, (m)

% theoretical delivery head of compressor, (m)

*“Flugmechanik des Strahltre ibwerks. III - Betriebsverhalten
eines Strahltreibwerks in Abh&gigkeit von der Flugh8he.” FB 1743/3,
2WB, Nov. 1, 1943. (Forschungsiustitutf. K&afti?ahrwesenu.

Fahrzeugmotoren,Tech. Hoch. (Stuttgart).)
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% theoretical drop of turbine, (m)

%8 weight of fuel supplied per unit time, (kg/aec)

% weight of air supplied per unit time, (kg/see)

ATB temperature rise in combustion chaxiber,(0)

R=cp-cv gas constant, (m/o)

CP

Cv

u

v

vo

h

‘s

‘B = %%

Ne = ~e~

Nw = ~.vo

s

‘o

Subscripts:

o

1.a

b

c

2d

specific heat at constant pressure, (m/o)

specific heat at constant volume, (m/o)

peripheral velocity, (m/see)

axial velocity, (m/see)

flight speed, (m/see)

flight altitude, (W)

velocity of sound, (m/see)

power contained in fuel, (mkg/see)

jet power output, (mkg/see)

propulsive output, (mkg/see)

thrust in flight, (kg)

thrust at standstill, (kg)

in atmosphere or at rest

cmnpressor inlet

compressor outlet and combustion-chamberiolet

combustion-chamberoutlet and turbine inlet

turbine outlet and nozzle inlet
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3. nozzle exit

c=. , 31. nozzle,outlet under standstill conditions
.
L compressor

.
T turbine

N layout state

Characteristicmagnitudes:

Tl
d =tll. -—

To
or 40 =—

ATB ATB

()
k-l

‘b %m=—.
Ta ~ Tk

a

A= Tfi=
ATB

(x-1)4

measure of temperature rise in
conibustionchamber

temperature ratio in compressor

measure for loading of compressor

0 = Tc/Ta = IC -+ l/# measure for heat stress of
turbine

M.V=
w~

+

Mach number of flight
g~() condition

uL uL
%=w~=v~ Mach number of compressor

$.?@
U2

pressure coefficient

flow coefficient

k=-

1

d&Q_ steepness of characteristic curves
N% near layout condition



NACA TM 1258

characteristic yarameter of com-
pressor @d. note: Symbol
illegible in German document;
assumed to be h’~

cha=cteristic parameter for “
relative design of compressor
and turbine

ratio for fuel consumption at
any operating condition

ratio of power plant efficiency
for any operating condition .

‘o = fog

k= cp/Gv

?L

output ratio for any operating
condition

adiabatic exponent

polytropic exponent

polytropic exponent

in compressor

in turbine

efficiency of flow of compressor

internal adiabatic efficiency
of compzwssor

mechanical efficiency of
compressor

flow efficiency of turbine

internal adiabatic efficiency
of turbine

mechanical efficiency of turbine
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over-all mechanical efficiency of Jet engine .

.( )

~
%79 1+%

efficiency measure

efficiency of complete machine

internal efficiency

nozzle efficiency

power-plant efficiency at standstill

increment in flight

power-plant efficiency

propulsive efficiency measure

specific power output

[
Ed. note: German text illegible]thrustefficiency

rEd. note: German text ille~iblelstandstill thrust
L efficiency

2. PERFORMANCE OF JET POWER PLANT

SPEED RIYXIIATION

A jet engine consisting of compressor

-i

WITH ROTATIONAL

and turbine can be
regulated with the aid of the fuel Eupply and a suitable outlet
nozzle with respect to the rotational speed and the amount of air
flow and therefore withrespect to the turbine-inlet temperature.
From the rotational speed and the amount of air flow, the compressor
pressure ratio and therefore the compressor temperature ratio
n = Tb/Ta are determined. Ttiough the turbine-inlet temperature

or the temperature rise in the combustion chamber, there is then
also determined the temperature-riseratio of the combustion chamkr,

c
namsly, 1 :- ?8 ATB.—- .

4 c%‘a
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For chancterizing the operating condition of the jet engine,
the characteristicparameters can therefore be employed:

By one of these
arity of a given jet
is characterized,at

Tb
fl=—

Ta (2la)

C% Ta

d =—
C ATB (2.lb)
%

two parameters, the internal ~chanical’ simil-
power plant for various operating conditions
least as long as their mutual relations are not

influenced throu~h other regulati~ ~ans than through the regu-
lation of the rotational speed with the aid of the fuel supply for
a correspondinglysuitable outlet nozzle. For such a jet engine
regulated only by the fuel and outlet nozzle
from a test stand the functional relation

, there is to be determined

[ ( )]cm Tb~a
Ed. note: $=$(m)=- ——..

C?B ‘*B

from which corresponding values of the parameters 3 and II are
Gutained. In place of these parameters there may also be introduced

‘baa ‘b‘taA=7=—
B A% (2.lC)

Tc
e=

q
(2.ld)

As a relation between these pmameters there is then obtained

A = (fi-1)$ (2.le)

and

e
1

=JT+-
4

—,,.. . .. ,,.-,-. ., ... .,,,, , ,

(2.lf)
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note: 1Equations (2.lc) and (2.lf) are based on Cm = Cn.

Two magnitudes limit the output of a jet engine. One is the-----
ternpkratu~”of the combustion chamber Tc at the inlet to the “
turbine, which must be withstocd by the turbine blades. The other
is the Mach number for the inlet air into the compressor. For the
Mach number there may

that is, the ratio of
the compmssor to the
temperature T

1

be used

(2.2)

the peripheml speed in the first stage of
sound velocity corresponding to the inlet

●

The exceeding of a certain
efficiency.

“s, = i=% (2.2a)

Mach number means a sharp drop in the

Under the operating condition of the jet engine, there must
be obtained for ths wcrk drop HT of the turbine and the output
pressure head HL of the compressor

(2.3)

For the operation of the turbine at constant inlet temperatum,
if its characteristic curve at the layout condition N is assumed
as linear (fig. 2), there is obtained in nondimensionalform

(2.4)

and for constant Mach number at the compressor inlet if its
characteristic curve may be assumed in the neighborhood of the
layout state as linear

I
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vhere

v axial component of velocity entering compressor or turbine

u peripheral velocity

Subscript T refers to the turbine; subscript L, to the compressor.

For briefness, for turbine at design point

for turbine at off design

2*
—-w

%!
2-T

‘T—=cpT
%

for compressor at design point

for compressor at off design.
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q=QL
.,! UL.. ., . ,,

~~here $ is the
The subscript N

pressure coefficient and CP the flow coefficient.
refers to the layout condition. Then

w—= i
UL

(2.6)

Then

‘2+3 ‘(7?). (2.7)

(2.8)

Therefore

%) (2.9)

the specific volume at

$~$ ‘,+= kf$ -

In the design state, v shall denote
the inlet to the compressor and turbine

vT = (vT)N \

‘L = (vL)N

(aN=w. (2.10)

.
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Hence if
(.)r:)=(:)G:)

or

WR-’)=dw.%q
and if

‘L%N=“
Then

1 h’

(2.11)

(2.12)

(2.12a)

(2.12b)

(2.13)
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“2=%2%312=%2-a = %2gk(c~-+ Ta = %2 gcp (k-1) Ta

with ~ = PC, and when

(2.15)

Thus

/ (2.16)

For the layout condition,

()‘b-aTa ‘fiN-l = ‘~ M%2 ~LN
N

(2.17)

[
Ed. note: The M tem raised to second power by reviewer.1

1. --
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so that, in general,

1 - h’ ()%
2

x-l

‘c=

The regulation is to be such that the Mach number ~ is constant
so that

ML=l

%

Hence

h’

ma
[Ed. note: In the ~ term,

and solving for f3/eN

?tN%.l-fiA=_
*N

-1 YtN -1

the subscript N was omitted from e.1
-1

(2.18)

By differentiatiw, there is obtained
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..- —

In the neighborhood of the layout condition (9= @N, X ‘fiN),

As a first approximation, for the neighborhood of the layout
condition there may be written

(2.19)

(fig. 3)

Corresponaiw-w, thx’e is
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1

In general, from equation (2.19)

[
Ed. note: Subscript N supplied by reviewer.

1

and

(2.20)

(fig. 4)

(2.19a)

(2.208)

[ 1Ed. note: Subscript N supplied by reviewer.

Under .theassumption of stzaight characteristiccurves (equations
(2.4) and (2 .5)), the values will hold also for greater deviations
frcmthe assumed design conditions.

This relation can thenbe suitably represented graphically.
By substitutingthe relations found for fi and O in the
equation for ?lg and qv there is obtained

(2.21)

and
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r 1

.,
1- p-1’J Yt(e)

.qi(e)= 1 +.a(e)
‘“’ % ‘“

1 + a(e)X(e)
1-( I.-M) fi(e)

1 +~(e)
llm

{

.
1 k

1 -—

W(6)VL
(2.22)

.
There is also obtained

and

Thus a relation has been established,which

.23)

1

u

TT
1 +$(e) n(e)

1+$(9)
l-(l-llm)rc(e)

~m
(2.24)

for suitable
ad$usiammt of the outlet nozzle makes possible the computation of
the efficiency of a set engine in the neighborhood of the design
condition if the fuel distribution is such that the Mach number
at the inlet to the compressor ~ andthe inlet temperature TO

into the turbine are held constant. If this Mach number ~ and

inlet temperature To are the highest permissible values for the

jet engine, there is obtained the engine efficiency as a function
of the inlet temperature for the admissible maximum output

.

.
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Z!his msximm

Ta=

output is obtained

Ne = Veo E&3 =
o

NACA TM 1258

where

or with ~ =
%

(2.25)
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Ihwxnequationa

.. .. . .

.

(2.12),

~L
—

(2.14), and (2.15),

3-1
YLk

ATB Ta /jN
—=— .

‘T% ‘“N d

and

Ta ‘N—=
TaN 13-

when

17

TC. T
%
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%8l+—
GL

=

%

1+5
Hence

Ife
o ()()Pa Teo

—=— —

‘% %N ‘e%

1- 2b-
‘N?N%3

Cp Tc
1-

f3$(6)HB

[)%CPTC
ONHB

d- *6 HB

(2.27)

or with

with equations (2.19) and (2.20)
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f

f

(fig. 7)

The right-hand side of this equation depends only on the free
variable 9 and hence for given TC depends only on the inlet

temperature Ta into the

of the equation, there is
owtput on the air density

compressor. ~om the left-hand side

seen the obvious dependence of the
for the intake into the compressor

Ya = pa/RTa.
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The fiel consumption is obtained fr~

/ \r

g= (2.29a)

.

CPATBN-—
%3I J.

()eN~N .&

j -1

()h ‘ l-~
%

whence is obtained the de~ndence of the fuel consumption on the
free variable 0 and hence for given Tc on the inlet tempera-

ture Ta in the cmpressor.

Because of the slight variability of the inlet temperature,
the assumptions made are admissible. SiIUilarly ~, qL) ati

~ maybe assumed as constant.

For the performance behavior at maximum lead for the different
flight conditions, there are used in addition to the layout para-
~ters fiN= (TB/Ta)N and ‘N = (Tcfia)N the follti~ parameters
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which characterizethe behavior of the compressor and the turbine
in deviating from the layout condition:

and

‘=-*)=*(*-*)
The flight condition itself is suitably characterizedby

@N = TN/Ta. Figure 3 shows the effect of h’ on the value

It/lTN as a function of e/eN. Figure 4 shows for the value of

eN/fiN= 1.667 as an example the effect of h’ on the value of

a/13Nas a function of f3/eN● Figure 5 shows that

and ON . 3.333 the effect of h’

and jet efficiency teo = ~eo/~e%

e/eN.

Figure 6 shows the effect of

‘N/fiN= 1.667, on the magnitude g

the fuel consumption as a function

on the internal

= qi/7iNj as a

for ITN= 2

efficiency

function of

h’, for the value of

. %/7a

s’
which characterizes

of 6/eN for: (a) j = 1.5;
(b) j =2.0; (c) j =2.5; and (d) j = SO.

Figure 7 shows for fiN= 2 and ~ = 3.333 as an example

Neo/Ya
the effec~ of h’ on the magnitude f =

N-
= g teo

%
characterizingthe output as a function of Q/~ for: (a) j=l.5;

(b) j =2.0; (c) j =2.5; and (d) J = 3.0. It is seen that the pe-
rformancebehavior as a function of the flight state can be affected
in a desirable way at least within limits by the suitable choice of
the magnitudes j and k.
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3. PROPULSIVE AND ECONOMICAL EFFICIENCIES OF JET ENGINE IN FLIG3T

FOR REGULATED OUTPUT

With the jet engine in flight, the inlet temperature T1 at
the compressor is greater than the temperature To of the air at

rest at the flight altitude h by

Cp (T~-To) = ‘:
so ‘that

T1 Ve
2

—=1+—
To 2gcpTo

or with

~e2 ~2
—= .
2gcpTo 5

By setting

To
—.~o
ATB

there is obtained with cPL = cm

(3.1)
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Inasmuch as the themal propulsive efficiency

on 4, equation (3.1) also gives the dependence of
jet-engine efficiency qt on the flight velocity:.

23

qt depends

the thermal

For flight conditions, it is suitable to characterizethe
heat loading with the aid of the temperature Tc at the inlet

to the turbine, referred to the temperature T1 at the inlet to

the compressor. *

But

Now let

Tc
—=
‘N %

where the previous design condition denotes the condition near the
ground. The atmosphere is assumed as the standard. Then

‘N 1~=
1-0.0226 h

(h is altitude in km)

Hence

e= ‘N

()(1-0.0226 h) 1+$

or setting

%2=$
N

rEd. note: MN
1

term squared by reviewer.

where ‘sN is the sound velocity at zero altitude.

(3.2)

(3.3)
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Then at any flight speed

()
WH

M2=%2-&@= ‘21-0.0226 h
Ws

@
N

eN
e =

(
= (3.4)

(1-0.0226 h) 1 + ‘N2

)

1-0.0226 h+ ~!!!!
5(1-0.0226 h) 5

(fig. 8)

With e(h,~) there is still to be determined the e~i~ efficiency

at standstill 7eO(e) according to equation (2.24) and according

to equation (2.23) the internal efficiency Ti(e).

According to equation (4.23) LEd. note: No equation 4.23 in

1paper. , the jet-engine efficiency ~e in flight iS eater than

the jet-engine efficiency ~eo. With

‘o = TN (1-0.0226 h)

M2= “
1-0.0226 h

Figure 8 shows the ratio O/eN as a function of the flight

condition, that is, on the Mach number, on the flight velocity,
and on the surrounding temperature for the correspondingINA flight
altitude

‘o 00‘o ‘1 ~(e) = a(e)
+0 ‘q=q

~=
I+M~ MN2

5 1+
5(1-0.0226 h)

. -......——- ..-—.., . ...... .
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qe(~) = ?= +[“ [ .1fi (1-0.0226h) + q&-@-(l-qa)$(e) 5
.O l%... ,, w

“1
%0.0226 h

2

(-) ,

Vez

%2
‘eN

5 1-0.0226 h
(3.5)

The ~et-engine
the flight velocity
efficiency q and

P
jet engine. There must also be detenuined the load coefficient ~ ,
which by using the

efficiency as a function of the altitude and
enables also the determination of the propulsive
the economical efficiency masure ~ of the

-,
##” =

1-0.0226 h + %fZ
T

T&? . TN ~z

is

~=
5 5=

CPTO M2 a(e) %2 c TN ~z
~oM2-_

% %12- ~l-O.0226h + ~

f (W@ =
1 ()5

c TN de)~z
(3.6)

1

%2 -
+H%

1-0.0226 h“+ ~

.
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Thers is thus obtained
h and qe

.

~=* ( %2)1-0.0226 h + ~ (3.7)

the propulsive efficiency as a function of

(3.8)

and the economical efficiency measure

-)=&[m)
(3.9)

~w
Figure 9 shows the ratio fw . — for M = 0.85, CpTo/~ = 0.005

.
%

as a function of e/eN for various values of h’ ami figure 10 the

%/
ratio 3W2 = f-& =

&
as a function of e/eN for various

values of k.

(a) for j = 1.5; (b) for j = 2.0; (c) for ~ = 2.5; and (d) for

J = 3.0.

,,
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4. TBE POWER AVAILABLE IN FLIGHT AT ANY ALTITUDE

The propulsive power NW available in flight is

‘w=7p Ne=% %3%

power serves to overcmne the air resistance of the airdane

27

for climbing and accelerating. If neither climb nor accele~tion
is required, there corresponds to each flight velocity and each
altitude for given weight of the aircraft a horizontal flight power
NH. AS 10ng as NH is smaller than the propulsive power NW

required at any velocity and altitude, the flight can be conducted
with corresponding throttling of the engine. The difference between
NH and Nw is available for climb or acceleration.

Because the principal operating condition of a set engine is
essentially that at regulated normal output and because the
regulated outputs with a jet engine are of more importance than in
flight with the conventional engine where the range of the throttle
loads plays a great part, ~rticular consideration will be given
he- to the propulsive output of the jet engine as a function of the
altitude and the speed. It my be remarked that the throttled out-
put can be treated in a similar reamer.

The economical efficiency ~(h,M) has been consi~e~d. The

fuel consumption at regulated load is

where

The ratio Ya/Y% of the air densities for zero loss flow utilization

is given by
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‘%=’

where ~ (h) is obtained from the standami

7%
approximately

70

atmosphere. Then

(where h is in km)

with

‘2=1+M2 %12
‘o T = 1 + 5(1-0.0226 h)

thus

The

The

fuel consumption ~(~) at ~xf~ l~d iS therefo~

propulsive power is

* (q) = g pqjJ

obtained from
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> –.....,.. .-
N
W (q+

[ 1~OJ’#f)
T-q---- % ‘B

Both the propulsive norml power NV and the fuel com~ption
NB = ~HB decrease essentially with the altitude, corresponding to

the air density. This decrease can, however, by suitable design of
the compressor and the turbine (by varying h’ and j) in relation
to each other, be lowered or raised in the desired manner. For this
purpose, however, a detailed investigation,which is not gone into
here, of these air-flow engines becomes necessary.

5. THE POSSIBILITIES OF OVEKLOAD AND THROTTLING

Depending on the characteristics of the compressor and the
turbine, there occurs, on increasing the inlet temperature to the
tur”bine,either a,nincrease (ca6e 1) or a decrease (case 2) of the
propulsive efficiency and conversely for the lcwering of the inlet
temperature. In the first case, there is a possibility of at
least e.short-time overloading if the inlet temperature to the
turbine can be increased at least for a short time during this over-
loading. In the second case, overloading for an arbitrary length
of time is possible as long as the compressor does not enter the
surging range. This overload will, in general, be associated OII&

with a lowering in the economical efficiency and hence with an
uneconomical increase in the fuel consumption.

In the first case, however, a throttling of the engine on
lowering the inlet temperatu~ to the turbine for any length of
time is entirely possible; in the ‘secondcase, on account of the
increase in the inlet temperature, it is possible only for a short
time. This type of throttling is gensrally less economical, however,
than throttling by lowering the rotational speed, because with the
lowering in the rot_.&tionalspeed the efficiency of the compressor
should, in general, rise somewhat.

the
the

6. SUMMKRY

The rotational speed and the quantity of air flow and therefore
compressor pressure and inlet temperature can be regulated by
fuel supply and the adjustment

lation for constant Mach number at
of the outlet nozzle. The re&-
the inlet to the compressor and

.
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con&ant inlet temperature to the turbine was investigated.
normal output thereby obtained was determined by the character-

istic curves of the comp=ssor and the turbine in ~lation to each
other. The propulsive efficiency and economy in flight for normal
output and the normal output available at any flight altitude are
discussed and the possibility of overloading and throttling is
considered.. ,,..

Translated by S. Reiss,
National Advisory Committee
for Aeronautics.
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V =

l&”A;f–-””=Po
//’/Y’---- ---- -..

b

L /0
/’v=

/

q, = const.

/’
#

(

k?d
-l

4
‘o
so
II
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bd
WI
a
“d
e
II

u

3id

= V(-J= const.
r

/“
a= 1

vi = llv”~g
?jo = qdo =

T’e
Figure 1. - Entropy-enthalpy diagram for explaining mode of opemtion of

set engine and effect of flight speed.

. ,....—.....——-.......——--....——.-——
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----Actual
— Approximate

turbk(equation2.4)

ccmpressor(equatIon

Characteristicof\
\ Characteristicof

1 .— -

\
\

‘arctgkl
o

~ 1
‘L/v~ ‘@’TN ~ -1

1
? 7 m

‘w

‘T

2.5)

Figure2. - Characteristicsofcom>reseorL andturbineT
characteristicto designstateN.

of jet engine normalized
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,6

Figure3. - Dependenceof characteristicparametersir/fiNand .9/eNon eachother
for variousvaluesof designconstantk.
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Figure4. -

2.0- k. 20154

1.6
\

1.2 /1
/

3/*N
/ ‘
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forvariousmlues ofdesignconstantk.
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